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SYSTEM AND METHOD FOR OFF-HIGHWAY
VEHICLE ENGINE CRANKING

FIELD

The subject matter disclosed herein relates to systems and
methods for improving engine cranking in off-highway
vehicles.

BACKGROUND

Vehicles, such as off-highway vehicles (OHVs), include
various systems for cranking the engine in order to assist
engine starting. The starting systems may utilize an engine
starter motor, or other engine propulsion components. In one
example, the propulsion system includes a battery that pro-
vides direct current (DC) power to an inverter that converts
the DC power into a controlled frequency alternating current
(AC) power. The AC power 1s then supplied to an alternator
that generates rotation of a rotor, which when coupled with
the crankshaft of the engine, rotates the crankshaft for engine
starting.

However, the inventors herein have recognized OHV's may
have traction alternators, and 1t may be advantageous to uti-
lize the traction alternator for engine cranking. For example,
traction alternators can be supplied with a high current, as
compared to a starter motor or an alternator which powers
lights, pumps, etc. when the engine 1s running. As such, the
higher current can be converted into a higher mechanical
energy to crank the engine.

BRIEF DESCRIPTION

In one approach, a method of operating an engine, the
engine coupled to a traction alternator for vehicle travelling
and an auxiliary alternator, i1s disclosed. The method com-
prises, 1n an off-highway vehicle running mode of operation,
charging a battery at a first voltage from the auxiliary alter-
nator while supplying current from the traction alternator to a
traction motor to propel the vehicle, and, 1n a starting mode of
operation, generating a second, higher voltage, from stored
energy to drive the traction alternator to at least assist 1n
starting the engine. For example, the second, higher voltage
may be generated by increasing an output of the battery via a
DC-to-DC converter. In this manner, the battery may be
charged via the auxiliary alternator at a lower voltage, and the
battery may supply the traction alternator with the second,
higher voltage to crank the engine.

In another example, 1n an off-highway vehicle runming
mode (e.g., running mode) of operation, current 1s supplied
from the traction alternator to a traction motor via a traction
iverter to propel the vehicle, and, 1n a starting mode of
operation, stored energy 1s supplied from a first energy source
and a secondary energy source to the traction alternator to
start the engine. For example, the first energy source may be
a relatively low voltage battery electrically coupled to the
engine which provides electricity for lights, pumps, etc., and
the secondary energy source may be an ultracapacitor which
can deliver a higher current than the battery.

In one example, the first energy source, which outputs a
lower voltage than the secondary energy source, may charge
the secondary energy source during the running mode of
operation via a DC-to-DC converter. In other examples, the
secondary energy source may be further charged via the trac-
tion alternator during the running mode of operation. In this
way, the secondary energy source may provide a supply a
high current on demand for the traction alternator during
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engine cranking. Further, the charge level of the secondary
energy source may decrease at a slower rate since it can be
charged via the battery. As such, engine starting may occur
even 1f the battery 1s degraded, for example.

It should be understood that the brief description above 1s
provided to introduce 1n simplified form a selection of con-
cepts that are further described 1n the detailed description. It
1s not meant to identify key or essential features of the
claimed subject matter, the scope of which 1s defined uniquely
by the claims that follow the detailed description. Further-
more, the claimed subject matter 1s not limited to implemen-
tations that solve any disadvantages noted above or in any part
of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood from read-
ing the following description of non-limiting embodiments,
with reference to the attached drawings, wherein below:

FIG. 1 shows an example block diagram of an engine
system with a voltage boost.

FIG. 2 shows an example block diagram of an engine
system 1n an oif-highway vehicle with a voltage boost.

FIG. 3 shows an example block diagram of an engine
system 1n an oif-highway vehicle with a voltage boost.

FIG. 4 shows a flow chart illustrating a routine for an
engine with a voltage boost.

FIG. 5 shows an example block diagram of an engine
system 1n an oif-highway vehicle with a secondary energy
source that 1s charged via the engine.

FIG. 6 shows a flow chart illustrating a routine for an
engine with a secondary energy source that i1s charged via the
engine.

FIG. 7 shows an example block diagram of an engine
system 1n an oif-highway vehicle with a secondary energy
source that 1s charged via a traction alternator.

FIG. 8 shows a flow chart illustrating a routine for an
engine with a secondary energy source that 1s charged via a
traction alternator.

FIG. 9 shows an example block diagram of an engine
system 1n an oif-highway vehicle with a secondary energy
source and a hydraulic system.

FIG. 10 shows a flow chart illustrating a routine for an
engine with a secondary energy source and a hydraulic sys-
tem.

FIG. 11 shows a tlow chart illustrating a shut down routine
for an engine system 1n an off-highway vehicle with a sec-
ondary energy source.

DETAILED DESCRIPTION

The following description relates to various embodiments
of an engine system that 1s started via a traction alternator
mechanically coupled to the engine. Various approaches may
be used to supply the traction alternator with an appropriate
level of current to crank the engine. In one embodiment, a
battery 1s electrically coupled to a DC-to-DC converter which
boosts the output of the battery. The output of the battery may
be converted to AC for the traction alternator via a traction
mverter (which converts DC to AC for traction motors to
propel the vehicle), an active rectifier, or an 1verter that 1s
separate from the traction inverter, as described with refer-
ence to FI1GS. 1-4.

In another embodiment, as described with reference to
FIGS. 5 and 6, the engine system further includes a secondary
energy source such as an ultracapacitor which outputs a
higher voltage than the battery and which may be charged via
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the battery. In this way, a relatively high level of charge may
be stored such that the engine may be started quickly, for
example.

In another embodiment, the secondary energy source 1s

charged via the traction alternator during a running mode of 5

operation of the engine, as described with reference to FIGS.
7 and 8. As such, the secondary energy source may receive
energy from two sources (the traction alternator and the bat-
tery) and a high level of charge can be maintained in the
secondary energy source.

In yet another embodiment, as described with reference to
FIGS. 9 and 10, the engine 1s coupled to a hydraulic system.
The hydraulic system may provide another source of energy
for the battery and the secondary energy source during the
engine starting mode of operation. In this way, even 1if a
charge level of the secondary energy source 1s too low for
engine cranking, the secondary energy source may be
charged before engine cranking so that the engine may start.

A routine for shutting down an engine with a secondary
energy source 1s described with reference to FIG. 10.

Referring now to the drawings, like reference numerals are
used to identily similar components 1n the various views.
FIGS. 1-3, 5, 7, and 9 refer to an engine system with an
clectric storage battery 104, traction inverters 118, a traction
alternator 120 with an armature 124, a rotor (“R”) 126, and
field winding (not shown), and an engine 112.

Referring now specifically to FIG. 1, it shows the first
embodiment of an engine system 100 of an off-highway
vehicle 10, which includes a voltage boost, and which adjusts
engine torque levels by continuous field shunting.

The engine system 100 comprises a controller 102, a prime
mover or engine 112, a first energy source, which 1s an electric
storage battery 104, a traction inverter 118, and a traction
alternator 120. The electric storage battery 104 supplies elec-
trical energy for starting the engine 112. The engine 112 may
be started by generating an alternator torque 122, which
drives the crankshait of the engine 112, as will be described 1in
greater detail below.

The electric storage battery 104 may be a lead-acid or
nickel-cadmium type, for example. The electric storage bat-
tery 104 may provide an output voltage of 24 volts, depending,
on various parameters, including its state of charge, tempera-
ture, current draw, etc. As an example, the controller 102 may
estimate a state of charge and/or health of the battery 104
based on input from sensors 150, 152, and 154 coupled to the
battery 104 and 1n communication with controller 102 for
indicating a temperature, voltage, and output current of the
battery, for example. Further, during a running mode of
operation electric storage battery 104 1s charged by the engine
via auxiliary alternator (alternator and rectifier) 114, and pro-
vides power to various components of the vehicle, such as
lights, pump, air-conditioning, etc.

As shown the example embodiment of in FIG. 1, when the
switching circuit 116 1s closed, the DC supplied by the elec-
tric storage battery 104 1s converted to AC and supplied to the
traction alternator 120 by the active rectifier 134 when the
active rectifier 134 1s made active (e.g., when the switching
circuit 116 1s open). Further, the active rectifier 134 converts
AC supplied by the traction alternator 120 to DC which 1s
supplied to the traction inverters 118. The active rectifier 134
and/or the traction 1mverters 118 may comprise at least three
legs, where each leg may 1nclude at least two nsulated gate
bipolar transistors (IGBT). For example, out of the six
IGBTs, at least two are open during circuit operation so that
two phases are firing at a time. Furthermore, the output of the
clectric storage battery 104 1s boosted via DC-to-DC con-
verter 106. As such, DC supplied to the traction alternator
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4

may be increased to a desired level for engine cranking, as
well as regulated by the DC-to-DC converter 106.

In one example, the engine 112 may be a thermal or an
internal-combustion engine such as a 2500 horsepower, die-
sel engine that 1s used to provide the motive power on an
off-highway vehicle. In one example, the traction alternator
120 may perform two modes of operation: during a starting
mode of operation (e.g., engine cranking), the traction alter-
nator 120 may be an AC motor that drives the crankshatt to
start the engine 112; after engine cranking, the traction alter-
nator 120 may be a synchronous generator, which supplies
alternating current to an electric load circuit that 1s connected
to 1ts armature winding 124. For example, the portion of the
active rectifier 134 that converts DC to AC to operate the
traction alternator 120 as an AC motor 1s switched out of the
circuit when the engine 1s started such that the active rectifier
134 only supplies the traction imnverters 118 with DC.

In the engine starting mode of operation as shown in FIG.
1, the rotor “R” 126 of the traction alternator 120 drives the
crankshaft of the engine 112. The electric energy supplied
from the heavy duty electric storage battery 104 by the trac-
tion 1verter 118 to the traction alternator 120 1s converted
into mechanical energy of the rotor 126. The rotor 126 thus
exerts torque (122) to turn the crankshaft and thereby crank
the engine. As the rotor “R” 126 accelerates, the engine speed
(revolutions per minute, RPM) increases and the back EMF
generated 1n the armature 124 correspondingly increases,
while load current (e.g., current 1in the cranking circuit of FIG.
1) decreases i magnitude. Once the rotor 1s rotating faster
than a predetermined rate, typically about 200 rpm, the
engine 1s presumed to be started, and the engine cranking
mode of operation 1s discontinued.

The load current 1n the circuit thus may directly depend on
battery voltage, armature back EMF, and impedance 1n the
circuit including that of the field. The alternator torque 122
generated as a result of accelerating the rotor “R” 126
depends primarily on the field resistance 128 and the back
EMF of the alternator. Thus, by shunting the field resistance
continuously, 1t may be possible to adjust alternator torque 1n
real time, and 1n response to various operating conditions. For
example, real time control 1n a computer controlled system
may include repeated and successive adjustment of alternator
torque by the system 1n response to calculations and sensor
readings taken throughout operation.

In one example, the continuous field shunting 1s achieved
by connecting an IGBT (not shown) 1n parallel to the field.
The IGBT may be additionally and selectively coupled to, and
control, another component of the off-highway vehicle, for
example. The other component may include one or more of
the following: a radiator fan, an air compressor, a battery
charger, a traction field regulator, or an AC traction motor. In
this manner, 1t 1s possible to utilize an IGBT to provide
control of both the field, and thus the traction alternator 120,
during cranking, as well as another component that does not
operate during cranking, but operates before or after crank-
ing, such as during off-highway vehicle running conditions.

In one example, IGBT may be controlled by controller 102
in response to a desired output torque, a desired speed trajec-
tory, an actual engine speed, and/or various other parameters,
as described 1n further detail herein with regard to FIG. 2. For
example, based on a comparison of the actual torque and the
desired torque, the IGBT generates a pulse width modulated
(PWM) signal to continuously shunt the field via modulating
the impedance of the field. In another example, the IGBT may
modulate the impedance of a resistor connected 1n parallel to
the field. Thus, torque supplied by a three-phase traction
alternator 120 1n the starting system may be adjusted 1n more
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than two levels (e.g., 3 or more torque levels) via continuous
adjustment of field shunting of the alternator.

It may be noted that adjustment of torque among a plurality
of levels may also be achieved by connecting a series of
resistors 1n parallel to the field winding, with each of the
resistors controlled by a switch. As multiple resistors are

connected 1n parallel to the field, 1t results 1n further field
weakening and consequently a higher alternator torque. The
multiple switches may be 1n an on-state or an off-state at
different times, as adjusted by the controller, 1n turn allowing
a plurality of torque levels during engine cranking.

As noted above, the active rectifier 134 and the IGBT may
be used to control and power the traction alternator 120 dur-
ing cranking, and may also be used to control and power
another component of the off-highway vehicle 10 after engine
cranking, such as during off-highway vehicle running condi-
tions, for example. Thus, once the engine speed has reached
about 200 rpm, for example, and the engine cylinders are
firing, the controller 102 identifies the completion of cranking
and sends signals to a switching circuit to connect traction
inverters 118, which convert DC from the active rectifier 134
to AC, to the AC traction motors 148 to power the wheels 136
of the vehicle, during subsequent engine operation.

In the example embodiment of FIG. 2, engine system 200
turther includes inverter 140. During the engine starting mode
of operation, the DC supplied by the electric storage battery
104 1s converted to AC supplied to the traction alternator 120
by the inverter 140, which 1s separate from the traction invert-
ers 118. As 1n the example of FIG. 1, during the engine
running mode of operation, the traction alternator 120 pro-
vides power to AC traction motors 148 via traction 1nverters
118. The AC from the traction alternator 120 1s converted to
DC wvia the active rectifier 134, and traction inverters 118
convert the DC from the active rectifier 134 to AC.

In the example embodiment of FIG. 3, engine system 300
includes a transter switch 142 1n addition to active rectifier
134. In such an embodiment, during the starting mode of
operation, transfer switch 142 1s adjusted such that AC at a
high voltage (which has been converted by traction inverter
118 from DC supplied by the electric storage battery 104) 1s
supplied to the traction alternator 120. During the running
mode of operation, transier switch 142 1s adjusted such that
the AC traction motor 148 receives current from the traction
iverter 118 to power wheels 136, and current 1s supplied to
traction inverters 118 from the traction alternator 120 via the
active rectifier 134.

Thus, FIGS. 1-3 show embodiments of engine systems
which have an electric storage battery 104 that 1s boosted by
a DC-to-DC converter 106. As described above, 1n an engine
starting mode of operation, the low voltage DC supplied by
the electric storage battery may be converted to high voltage
DC via the DC-to-DC converter and to high voltage AC for
the traction alternator 120 by an active rectifier 134, a separate
inverter 140, or by a traction mnverter 118. In an engine run-
ning mode of operation, AC from the traction alternator 120 1s
converted to DC by the active rectifier 134 belore it 1s sup-
plied to the traction inverters 118.

For simplicity, FIGS. 4-11 will be described using an
engine system that has the basic configuration of the engine
system of FIG. 1. It should be understood, however, the
engine systems described with reference to FIGS. 4-11 can
also have the basic configuration of FIG. 2 or 3.

FI1G. 4 depicts a flow chart 1llustrating an example control
routine 400 for an engine with a voltage boost, such as engine
system 100 described above. Specifically, the routine 400
determines an operating mode of the engine and adjusts the
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circuitry such that the traction alternator 1s used to crank the
engine or to supply power to the wheels of the vehicle.

At 410 of routine 400, 1t 1s determined 11 the engine 1s 1n a
starting mode of operation, such as a cranking mode, or a
running mode of operation, such as a travelling mode in
which the vehicle 1s propelled. For example, the engine may
already be running or it may be shut down.

If 1t 1s determined that the engine 1s 1n a starting mode,
routine 400 proceeds to 412 where the switching circuit 116
1s adjusted (e.g., closed) to connect the battery 104 to the
active rectifier 134 via the DC-to-DC converter 106.

At 414, various operating conditions may be determined.
Operating conditions may include one or more of the follow-
ing, for example: battery system conditions (voltage, current
load, temperature), alternator characteristics, engine ratings
(e.g., HP rating, rated engine speed), number of cylinders,
fuel type, engine operating conditions (e.g., engine speed,
engine airtlow, and engine temperature), environmental con-
ditions, and/or system aging.

Once the operating conditions are determined, routine 400
continues to 416 where the desired torque for cranking the
engine 1s determined. For example, the desired alternator
torque may be based on the engine speed, battery voltage, and
number of cylinders as determined at 514. In one example, the
routine may utilize a desired engine speed trajectory during
cranking and run-up, and based on an error between the
desired trajectory and the actual engine speed trajectory, a
desired battery voltage to achieve the desired torque may be
evaluated.

At 418 of routine 400, continuous adjustment of voltage
boost 1s performed so that output of the battery 104 1s boosted
to a desired level. In one example, based on the engine speed
error, the controller 102 sends a signal to the DC-to-DC
converter 106 to adjust the battery voltage to the desired value
as evaluated at 416. The boost may increase the battery volt-
age to a predetermined value, and 1n another example, the
boost may reduce the battery voltage to a predetermined
value.

At 420 of routine 400, continuous adjustment of field
shunting and engine cranking torque 1s performed with
boosted voltage. For example, with the boosted voltage pass-
ing through the cranking circuit, the load current 1s generated,
the alternator torque 1ncreases, and as a result, engine speed
increases. In one example, based on the engine speed error or
rate of change of speed error or power output of the battery,
etc., the controller 102 may adjust a PWM signal to an IGBT
to adjust the field shunting resistance.

At 422 of routine 400, an engine speed check 1s performed.
In one example, 1f the engine speed has reached a predeter-
mined speed, for example about 200 rpm, the controller sig-
nals that the engine 112 has completed cranking and the
alternator torque supplied to the engine 112 1s reduced. If the
engine speed 1s below the predetermined speed, then the
engine cranking continues as explained at 420.

In some examples, a first engine speed check may be per-
formed before the engine speed check at 422. In one example,
if the engine speed has reached a predetermined speed, for
example about 30 rpm, the cranking circuit may desire a
lower circuit impedance to maintain the desired load current,
and therefore the controller may send a signal to a switching
circuit to close a switch and weaken the field via resistor, for
example. In such an example, when cranking mode of opera-
tion commences, and the switch 1s open, the load current may
be limited by integral resistance of the battery 104 and the
field resistance of the traction alternator 120. As cranking
proceeds and RPM increases, the traction alternator back
EMF limits the load current. Thus, the load current and the
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torque tend to decrease with increasing speed. A short time
alter cranking begins, for example when RPM reaches about
30, closing the switch weakens the field resistance, thereby
permitting more load current to flow and higher torque to be
developed.

Once the engine speed surpasses the threshold, voltage at
the traction alternator 120 1s reduced at 424 of routine 400.
For example, once cranking is complete, the DC power sup-
ply from battery 1s shut down. Further, the alternator torque
may not be generated, and the alternator may be switched to
an 1dle or generating mode depending on operating condi-
tions of the off-highway vehicle.

Once the voltage at the traction alternator 120 1s reduced, or
if 1t determined at 410 that the engine 1s 1n a running mode,
routine 400 of FIG. 4 proceeds to 426 where the switching
circuit 116 1s adjusted (e.g., opened) to disconnect the battery
104 from the active rectifier 134.

At 428 of routine 400, the battery 104 1s charged via alter-
nator and rectifier 114. At 430, 1t 1s determined 1 vehicle
motion 1s desired. For example, the vehicle operator may
change a gear from Park to Drive. IT 1t 1s determined that
vehicle motion 1s desired, routine 400 continues to 432 and
the traction alternator 120 powers the traction motors 148 to
turn the wheels 136 and propel the vehicle. On the other hand,
it 1t 1s determined that vehicle motion 1s not desired, the
routine ends.

Thus, FIG. 4 shows an example flow chart illustrating a
method for operating an engine with voltage boosting. As
explained above, voltage boosting can enable the desired
variation in alternator torque among a plurality of torque
levels during an engine cranking operation.

Continuing to FIG. 5, it shows another example embodi-
ment of an engine system 500 with a battery 104 that may be
boosted with a DC-to-DC converter 106. Engine system 500
1s similar to engine system 100 described above with refer-
ence to FIG. 1, for example. The example shown 1n FIG. 5
turther includes a secondary energy source, electrical energy
storage device 108. Electrical energy storage device 108 may
be an ultracapacitor, for example, or one or more of another
suitable high capacity energy storage device that outputs a
higher voltage than the battery 104.

In the example of FIG. 5, electrical energy storage device
108 may be 1solated from the battery 104 by opening the
switching circuit 138. In such an example, electrical energy
storage device 108 may be the sole source of energy supplied
to the traction alternator 120 to crank the engine. In other
examples, both the electrical energy storage device 108 and
the battery 104 may be used to supply energy to the traction
alternator 120 for engine cranking. For example, by closing
switching circuit 138 during the engine starting mode of
operation, the life of electrical energy storage device 108 may
be extended by the output from battery 104.

Further, 1n the example embodiment of FIG. 5, during the
engine running mode of operation, the electrical energy stor-
age device 108 1s charged by the engine 112 via alternator and
rectifier 114 and battery 104.

Thus, FIG. 5 shows an embodiment of an engine system
which has a secondary energy source (e.g., electrical energy
storage device 108), which may be charged by a high voltage
source (e.g., the traction alternator 120), 1n addition to a first
energy source (e.g., electric storage battery 104), which 1s
charged by arelatively low voltage source (e.g., alternator and
rectifier 114). As described above, both the first energy source
and the secondary energy source are charged via the engine
112 when the engine 1s 1n a running mode of operation.

FIG. 6 shows a flow chart 1llustrating a control routine 600
for an engine system which includes a secondary storage
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device, such as engine system 100 of FIG. 5. Specifically, the
routine 600 determines an operating mode of the engine and
adjusts the circuitry accordingly.

At 610 of FIG. 6, it 1s determined 1 the engine 1s 1n a
starting mode of operation, such as a cranking mode, or a
running mode of operation, such as a travelling mode 1n
which the vehicle 1s propelled. For example, the engine may
already be running or it may be shut down. If it 1s determined
that the engine 1s 1n a starting mode of operation, routine 600
proceeds to 612 where switching circuit 116 1s adjusted to
connect electrical energy storage device 108 and battery 104
to active rectifier 134. For example, switching circuit 116 may
be closed 1n order to electrically connect the active rectifier
134 and the electrical energy storage device 108.

Once the switching circuit 1s adjusted, routine 600 contin-
ues to 614 where operating conditions are determined. As
described above, the operating conditions may include one or
more of the following, for example: battery system conditions
(voltage, current load, temperature), alternator characteris-
tics, engine ratings (e.g., HP rating, rated engine speed),
number of cylinders, fuel type, engine operating conditions
(e.g., engine speed, engine airflow, and engine temperature),
environmental conditions, and/or system aging.

Once the operating conditions are determined, routine 600
proceeds to 616 where desired alternator torque 1s deter-
mined. As described above, the desired level of alternator
torque may be based on the engine speed, battery voltage, and
number of cylinders. In one example, the routine may utilize
a desired engine speed trajectory during cranking and run-up,
and based on an error between the desired trajectory and the
actual engine speed trajectory, a desired torque may be evalu-
ated.

At 618 of routine 600, engine cranking 1s performed with
continuous field shunting, as described above, and electrical
energy storage device 108. In some examples, both the
boosted battery 104 and the electrical energy storage device
108 may be used to crank the engine. For example, switching
circuit 138 may be controlled based on a threshold level of
charge of the electrical energy storage device. The threshold
level may be close to a maximum charge of the electrical
energy storage device 108. In other examples, the threshold
level of charge may be additionally or alternatively based on
an amount of energy needed to start the engine, for example.
If the level of charge of the electrical energy storage device 1s
above the threshold level, the switching circuit may be
adjusted such the battery 104 1s not electrically coupled to the
clectrical energy storage device 108, and vice versa.

At 620 of routine 600, an engine speed check 1s performed.
As an example, 1f the engine speed has reached a predeter-
mined speed, for example about 200 rpm, the controller sig-
nals that the engine 112 has completed cranking and the
alternator torque supplied to the engine 112 1s reduced. If the
engine speed 1s below the predetermined speed, then the
engine cranking continues as explained at 618.

If 1t 1s determined that the engine speed 1s greater than the
threshold speed at 620, routine 600 proceeds to 622 and the
voltage supplied to the traction alternator 120 by the electrical
energy storage device 108 1s reduced. Further, the alternator
torque may not be generated, and the alternator may be
switched to an 1dle or generating mode depending on operat-
ing conditions of the off-highway vehicle.

Once the voltage supplied to the traction alternator 120 1s
reduced or 11 1t 1s determined that a running mode of operation
1s desired at 610, routine 600 moves to 624 where switching
circuit 116 1s adjusted to disconnect electrical energy storage
device 108 and the battery 104 (if connected to the electrical
energy storage device 108) from the active rectifier. For
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example, the switching circuit 1s opened such that the electric
energy storage device 108 and the active rectifier are no
longer electrically coupled.

At 626 of routine 600, the battery 104 1s charged by the
engine via alternator and rectifier 114. If 1t 1s not already
connected, switching circuit 138 1s adjusted (e.g., closed) to
clectrically connect the battery 104 to the electrical energy
storage device 108 via the DC-to-DC converter 106. In this
manner, the electrical energy storage device 108 1s charged by
the battery 104 during engine running operation.

At 630 of routine 600, 1t 1s determined 1f vehicle motion 1s
desired. For example, the vehicle operator may change a gear
from Park to Drive. If 1t 1s determined that vehicle motion 1s
desired, routine 600 continues to 632 and the traction alter-
nator 120 powers the traction motors 148 to turn the wheels
136 and propel the vehicle. On the other hand, 11 1t 1s deter-
mined that vehicle motion 1s not desired, the routine ends.

Thus, routine 600 shows an example flow chart 1llustrating
a method for operating an engine with voltage boosting and a
secondary energy source (e.g., electrical energy storage
device 108). As explained above, the secondary energy source
can be used to power the traction alternator 120 to crank the
engine during the engine starting mode of operation. Further,
the engine charges the battery 104 via the alternator 114, and
the battery 104, 1n turn, charges the secondary energy source.

FIG. 7 shows another example embodiment of an engine
system 700 that includes a battery 104 (e.g., first energy
source) that may be boosted with a DC-to-DC converter 106
and an electrical energy storage device 108 (e.g., secondary
energy source). Engine system 700 1s similar to engine sys-
tem 500 described above with reference to FIG. 5, for
example. The example illustrated 1n FI1G. 7 further includes a
switching circuit electrically coupled between the active rec-
tifier 134 and the electrical energy storage device 108.

As depicted in FIG. 7, battery 104 1s charged by the engine
via alternator and rectifier 114 by a first voltage when the
engine 1s 1n a running mode of operation. During the running
mode of operation, the switching circuit 138 may be open or
closed depending on whether or not charging of the electrical
energy storage device 108 via battery 104 1s desired. The
clectrical energy storage device 108 may be further charged at
a second, higher voltage by closing switching circuit 162. In
such a configuration, AC from the traction alternator 120 1s
converted to DC by active rectifier 134 and the DC 1s allowed
to tlow to the electrical energy storage device 108 when the
switching circuit 162 1s closed, thus charging electrical
energy storage device 108. Further, switching circuit 162 may
include voltage limiting circuitry for charging electrical
energy storage device 108. For example, switching circuit
161 may include a DC-to-DC converter. In this way, a differ-
ent voltage may be applied to electrical energy storage device
108 as compared to the traction alternator 120, for example.

Thus, FIG. 7 shows an embodiment of an engine system
which has a secondary energy source (e.g., electrical energy
storage device 108) in addition to a first energy source (e.g.,
clectric storage battery 104). As described above, both the
first energy source and the secondary energy source may be
charged via the engine 112 when the engine 1s 1n a running
mode of operation. Further, the secondary energy source may
be charged via the traction alternator 120 when the engine 1s
in a running mode of operation.

FIG. 8 shows a flow chart i1llustrating a control routine 800
for an engine system which includes a secondary storage
device which may be charged via a traction alternator, such as
engine system 100 of FIG. 5. Specifically, the routine 600
determines an operating mode of the engine and adjusts the
circuitry accordingly.
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At 810 of FIG. 8, it 1s determined 1 the engine 1s 1n a
starting mode of operation, such as a cranking mode, or a
running mode of operation, such as a travelling mode 1n
which the vehicle 1s propelled. For example, the engine may
already be running or it may be shut down. If it 1s determined
that the engine 1s 1n a starting mode of operation, routine 800
proceeds to 812 where switching circuit 116 1s adjusted to
connect electrical energy storage device 108 and battery 104
to active rectifier 134. For example, switching circuit 116 may
be closed 1n order to electrically connect the active rectifier
134 and the electrical energy storage device 108. At 814 of
routine 800, switching circuit 162 1s adjusted to disconnect
the electrical energy storage device 108 from the traction
alternator 120. For example, switching circuit may be opened
in order to electrically disconnect the traction alternator 120
and the electrical energy storage device 108.

Once the switching circuits 116 and 162 are adjusted,
routine 800 continues to 816 where operating conditions are
determined. As described above, the operating conditions
may include one or more of the following, for example:
battery system conditions (voltage, current load, tempera-
ture), alternator characteristics, engine ratings (e.g., HP rat-
ing, rated engine speed), number of cylinders, fuel type,
engine operating conditions (e.g., engine speed, engine air-
flow, and engine temperature), environmental conditions,
and/or system aging.

Once the operating conditions are determined, routine 800
proceeds to 818 where desired alternator torque 1s deter-
mined. As described above, the desired level of alternator
torque may be based on the engine speed, battery voltage, and
number of cylinders. In one example, the routine may utilize
a desired engine speed trajectory during cranking and run-up,
and based on an error between the desired trajectory and the
actual engine speed trajectory, a desired torque may be evalu-
ated.

At 820 of routine 800, engine cranking 1s performed with
continuous field shunting, as described above, and electrical
energy storage device 108. In some examples, both the
boosted battery 104 and the electrical energy storage device
108 may be used to crank the engine. For example, switching,
circuit 138 may be controlled based on a threshold level of
charge of the electrical energy storage device. The threshold
level may be close to a maximum charge of the electrical
energy storage device 108. In other examples, the threshold
level of charge may be additionally or alternatively based on
an amount of energy needed to start the engine, for example.
I1 the level of charge of the electrical energy storage device 1s
above the threshold level, the switching circuit may be
adjusted such the battery 104 1s not electrically coupled to the
clectrical energy storage device 108, and vice versa.

At 822 of routine 800, an engine speed check 1s performed.
As an example, 1f the engine speed has reached a predeter-
mined speed, for example about 200 rpm, the controller sig-
nals that the engine 112 has completed cranking and the
alternator torque supplied to the engine 112 1s reduced. I the
engine speed 1s below the predetermined speed, then the
engine cranking continues as explained at 820.

If 1t 1s determined that the engine speed 1s greater than the
threshold speed at 822, routine 800 proceeds to 824 and the
voltage supplied to the traction alternator 120 by the electrical
energy storage device 108 1s reduced. Further, the alternator
torque may not be generated, and the alternator may be
switched to an 1dle or generating mode depending on operat-
ing conditions of the off-highway vehicle.

Once the voltage supplied to the traction alternator 120 1s
reduced or 11 1t 1s determined that a running mode of operation
1s desired at 810, routine 800 moves to 826 where switching
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circuit 116 1s adjusted to disconnect electrical energy storage
device 108 and the battery 104 (if connected to the electrical
energy storage device 108) from the active rectifier. For
example, the switching circuit 1s opened such that the electric
energy storage device 108 and the active rectifier 134 are no
longer electrically coupled.

At 828 of routine 800, the battery 104 1s charged by the
engine via alternator and rectifier 114. At 830 of routine 800,
switching circuit 162 1s adjusted (e.g., closed) to connect the
clectrical energy storage device 108 to the traction alternator
120. As such, the electrical energy storage device 108 1s
charged by the traction alternator 120 at 832 of routine 800. In
some examples, switching circuit 138 may be adjusted (e.g.,
closed) to electrically connect the battery 104 to the electrical
energy storage device 108 via the DC-to-DC converter 106
such that the electrical energy storage device 108 1s charged
by both the battery 104 and the traction alternator 120 during,
engine running operation.

At 834 of routine 800, 1t 1s determined 1f vehicle motion 1s
desired. For example, the vehicle operator may change a gear
from Park to Drive. If 1t 1s determined that vehicle motion 1s
desired, routine 800 continues to 836 and the traction alter-
nator 120 powers the traction motors 148 to turn the wheels
136 and propel the vehicle. On the other hand, if it 1s deter-
mined that vehicle motion 1s not desired, the routine ends.

Thus, routine 800 shows an example tlow chart 1llustrating,
a method for operating an engine with voltage boosting and a
secondary energy source (e.g., electrical energy storage
device 108) which is charged by the traction alternator 120.
As explained above, the secondary energy source can be used
to power the traction alternator 120 to crank the engine during
the engine starting mode of operation. Further, the engine
charges the battery 104 via the alternator 114, and the battery
104 may also charge the secondary energy source.

FIG. 9 shows another example embodiment of an engine
system 900 that includes a battery 104 (e.g., first energy
source) that may be boosted with a DC-to-DC converter 106
and an electrical energy storage device 108 (e.g., secondary
energy source) which may be charged via a traction alternator
120. Engine system 900 1s similar to engine system 700
described above with reference to FIG. 7, for example. The
example 1llustrated 1n FIG. 9 further includes a hydraulic
system which includes a hydraulic pump 180, a hydraulic
accumulator 182, and an actuator 190. The hydraulic system
may control lifting of a loading arm 192 of the off-highway
vehicle 10, for example.

As shown in the example illustrated in F1G. 9, the hydraulic
pump 180 1s mechanically coupled to the engine 112 via a
clutch 194 and mechanically coupled to the alternator and
rectifier 114 via a clutch 196. During an engine running mode
of operation, for example, clutch 194 between the engine 112
and hydraulic pump 180 1s engaged such that the hydraulic
pump 180 1s powered by the engine, and clutch 198 between
the engine 112 and the alternator and rectifier 114 may be
engaged so that the engine supplies energy to charge the
battery 104. During an engine starting mode of the engine,
clutch 194 may be disengaged, clutch 198 may be disen-
gaged, and clutch 196 between the hydraulic pump 180 and
alternator and rectifier 114 may be engaged such that energy
from the hydraulic system may be used to charge the battery
104. For example, when clutch 196 1s engaged, a valve may be
opened to release hydraulic o1l from the hydraulic accumu-
lator 182 back to the hydraulic pump 180. The high pressure
hydraulic o1l from the hydraulic accumulator 182 may cause
hydraulic pump 180 to rotate thereby generating a current in
alternator and rectifier 114 which 1s sent to the battery 104.
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Alternatively, a hydraulic pump 184 and hydraulic accu-
mulator 186 may be mechanically coupled to traction alter-
nator 120. In such a configuration, traction alternator 120
provides power to control the hydraulic system to actuate the
loading arm 192 via actuator 190. Further a clutch 188 may be
provided between the engine 112 and the traction alternator
120 such that 1n a starting mode of operating, before engine
cranking begins, the traction alternator 120 can be decoupled
from the engine and energy from the hydraulic system may be
supplied to the electrical energy storage device 108 when
switching circuit 162 1s closed. The engine 1s then started by
supplying energy from electrical energy storage device 108 to
active rectifier 134 and traction alternator 120.

Thus, FIG. 9 shows an embodiment of an engine system
which has a secondary energy source (e.g., electrical energy
storage device 108) in addition to a first energy source (e.g.,
clectric storage battery 104) as well as a hydraulic system for
controlling at loading arm 192 of the off-highway vehicle 10.
As described above, 1n addition to controlling the loading arm
192, the hydraulic system may be used to charge the first
energy source and/or the secondary energy source based on
the location of the hydraulic system.

FIG. 10 shows a flow chart illustrating a control routine
1000 for an engine system which includes a secondary stor-
age device and a hydraulic system, such as engine system 900
of FIG. 9. Specifically, the routine 1000 determines an oper-
ating mode of the engine and adjusts the circuitry accord-
ingly.

At 1010 of routine 1000, 1t 1s determined 11 the engine 1s 1n
a starting mode ol operation, such as a cranking mode, a
running mode of operation, such as a travelling mode in
which the vehicle 1s propelled, or a working mode of opera-
tion, such as when a loading arm 1s 1n use. For example, the
engine may already be running or 1t may be shut down. The
engine may be in the working mode and the runming mode
simultaneously. For example, the engine may be runming 1n an
idle state while the loading arm 1s moving so that the hydrau-
lic system has power but the vehicle 1s not propelled.

If 1t 1s determined that the engine 1s in the starting mode of
operation, routine 1000 proceeds to 1012 where clutch 194 1s
disengaged. In this way, the hydraulic system 1s no longer
mechanically coupled to the engine 112. At 1014 of routine
1000, clutch 198 1s disengaged so that the alternator and
rectifier 114 1s no longer mechanically coupled to the engine
112. At 1016 of routine 1000, clutch 196 1s engaged. In this
way, the hydraulic system 1s mechanically coupled to the
alternator and rectifier 114. As such, energy from the hydrau-
lic pump 180 can be used to generate a current in the alterna-
tor and rectifier 114. In the embodiment in which the hydrau-
lic system 1s coupled to the traction alternator 120, clutch 188
may be disengaged such that the traction alternator 1s no
longer mechanically coupled to the engine, and hydraulic
pump 184 may generate power in the traction alternator 120.

At 1018 of routine 1000, switching circuit 138 1s closed
such that battery 104 1s electrically coupled to electrical
energy storage device 108 and battery 104 may charge elec-
trical energy storage device 108 via DC-to-DC converter 106.
In the embodiment 1n which the hydraulic system 1s coupled
to traction alternator 120, switching circuit 162 may be closed
such that the traction alternator 120 1s electrically coupled to
the electrical energy storage device 108. Switching circuit
162 may contain voltage control circuitry (e.g., a DC-to-DC
converter) so that electrical energy storage device 108 can be
charged at a different voltage than an output voltage from
traction alternator 120, for example.

At 1020 of routine 1000, battery 104 i1s charged by the

hydraulic system, and because switching circuit 138 1s
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closed, the electrical energy storage device 108 may also be
charged. As described above, the current generated in the
alternator and rectifier 114 1s directed to the battery 104. In
this manner, battery 104 and electrical energy storage device
are charged. In the embodiment in which the hydraulic sys-
tem 1s coupled to the traction alternator 120, current gener-
ated 1n the traction alternator 120 1s directed to the electrical
energy storage device 108 when the switching circuit 162 1s
closed. In this way, the electrical energy storage device 108 1s
charged.

At1022 of routine 1000, 1t 1s determined 1f a level of charge
of the electrical energy storage device 108 1s greater than a
threshold level of charge. The threshold level of charge may
be an amount of charge needed to supply an appropnate
torque to crank the engine, for example. If it 1s determined
that the level of charge 1s less than the threshold level, routine
1000 returns to 1020 and the hydraulic system continues to
charge the energy source.

On the other hand, 111t 1s determined that the level of charge
1s greater than the threshold level, routine 1000 continues to
1024 and routine 800 of FIG. 8 1s carried out from 812 to 824,
as described above. In this way, the circuitry 1s adjusted such
that the engine may be started by the traction alternator 120,
as described above with reference to FIG. 8. In the embodi-
ment in which the hydraulic system 1s coupled to the traction
alternator 120, clutch 188 1s engaged once the level of charge
ol the electrical energy storage device 108 reaches the thresh-
old level of charge so that the traction alternator 120 may
crank the engine at 1022.

Once the engine 1s started, or 1f 1t 1s determined that the
engine 1s 1n the running mode of operation at 1010, routine
1000 continues to 1026 where clutch 196 1s disengaged such
that the hydraulic pump 180 i1s not longer mechanically
coupled to the alternator and rectifier 114. At 1028 of routine
1000, clutch 194 1s engaged. In this way, the engine 112 1s
mechanically coupled to the hydraulic system such that it
may power the hydraulic system. At 1030 of routine 1000,
clutch 198 1s engaged such that the engine 112 1s mechani-
cally coupled to the alternator and rectifier 114 and the engine
provides energy to charge the battery 104.

A11032 ofroutine 1000, routine 800 of F1G. 8 1s carried out
from 826 to 836, as described above. In this way, the circuitry
1s adjusted such that the engine 1s running and the electrical
energy storage device 108 1s charged by the traction alternator
120 and battery 104 1s charged by the alternator and rectifier
114, as described above with reterence to FIG. 8.

At1034 ofroutine 1000, 1t 1s determined 1T loading arm 192
movement1s desired. In some examples, the loading arm may
be controlled by an operator of the off-highway vehicle, for
example. In one example, the off-highway vehicle may be 1n
a Park gear so that the vehicle 1s not propelled while the
loading arm 192 1s moving. If 1t 1s determined that loading
arm 192 movement 1s not desired, routine 1000 ends.

On the other hand, 11 loading arm 192 movement 1s desired
or 11 1t 1s determined that the engine 1s 1n a working mode of
operation, routine 1000 moves to 1036 where clutch 196 is
disengaged so that the hydraulic system 1s not coupled to the
alternator and rectifier 114. At 1038 of routine 1000, clutch
194 1s engaged to mechanically couple the engine 112 and the
hydraulic pump 180 such that the engine 112 can provide
power to the hydraulic system. At 1040 of routine 1000,
clutch 198 may be engaged to mechanically couple the engine
112 to alternator and rectifier 114 11 charging of the battery
104 1s desired. For example, it may be desired to charge the
battery 104 1n the working mode of operation 1t a level of
charge of the battery 104 1s less than a threshold level.
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At1042 of routine 1000, movement of the loading arm 192
1s controlled via the actuator 190. For example, based on a
desired motion of the loading arm 192, actuator 190 1is
adjusted via the hydraulic pump 180 and the hydraulic accu-
mulator 182 to move the loading arm 192.

Thus, routine 1000 shows an example flow chart 1llustrat-
ing a method for operating an engine with voltage boosting, a
secondary energy source (e.g., electrical energy storage
device 108) which 1s charged by the traction alternator 120,
and a hydraulic system. As explained above, the hydraulic
system can be used to charge the battery and the secondary
energy source during the engine starting mode of operation.

FIG. 11 shows a flow chart illustrating a control routine
1100 for shutting down an engine system, such as any of the
engine systems described above with reference to FIGS. 1-3,
5, 7, and 9. Specifically, the routine 1100 determines 11 an
engine shut down 1s desired and controls the shut down based
on conditions of the energy storage devices.

At1110 of FIG. 11, 1s 1t determined 11 an engine shut down
1s desired. For example, 1t may be indicated that an engine
shut down 1s desired 11 the vehicle operator turns the key to an
ofl position 1n the ignition. If 1t 1s determined that an engine
shut down 1s not desired, routine 1100 moves to 1118 and
current engine operation 1s continued and the routine ends.

On the other hand, 11 1t 1s determined that engine shut down
1s desired, routine 1100 proceeds to 1112 where 1t 1s deter-
mined 1f an estimated time of engine shut down 1s greater than
a threshold time. For example, the vehicle operator may have
the option to turn the key to various positions based on an
estimated time of shut down. In some examples, the threshold
time may be a predetermined time, such as 24 hours. In other
examples, the threshold time may be based on a state of health
of the battery. For example, 1f the battery 1s degraded and 1s
losing charge relatively quickly, for example, the threshold
time may be less than a situation 1n which the battery 1s not
degraded.

I1 1t 1s determined that the estimated time of shut down 1s
greater than the threshold time, routine 1100 continues to
1114 and the electrical energy storage device 108 (e.g., sec-
ondary energy source) 1s discharged. Once the energy source
1s discharged, routine 1100 proceeds to 1116 and the engine 1s
shut down.

In contrast, 1f 1t 1s determined that the estimated time of
shut down 1s less than the threshold time at 1112, routine 1100
moves to 1120 where 1t 1s determined if the charge level of the
energy source 1s greater than a threshold level. For example,
the threshold charge level may be based on an amount of
energy needed to crank the engine.

I1 1t 1s determined that the level of charge 1s greater than the
threshold level, routine 1100 continues to 1122 and the elec-
trical energy storage device 108 1s left 1n the ready to start
state (e.g., the energy source 1s not discharged). Next, routine
1100 moves to 1116 and the engine 1s shut down. In this way,
a charge level of the electrical energy storage device 108 1s
substantially mamtained and the electrical energy storage
device 108 will be ready to crank the engine during a subse-
quent start of the engine.

On the other hand, 11 1t 1s determined that the charge level
of the electrical energy storage device 108 1s less than the
threshold level, routine 1100 moves to 1124 and the vehicle
operator 1s notified that the engine should not be shut down.
For example, an indicator may be displayed on a dashboard of
the vehicle which notifies the vehicle operator of the low state
of charge.

In examples where the engine 1s shut down and the energy
source 15 discharged or the charge level of the energy source
1s less than the threshold level, the vehicle operator may have
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to wait for a length of time corresponding to the time needed
for the battery 104 to charge the electrical energy storage
device 108, for example. As an example, the time for the
battery 104 to charge the secondary storage device may be
similar to a pre-lube time 1n which a pump pressurizes an o1l
system of the engine (e.g., 10 seconds). As another example,
il a charge level of the battery 104 1s low during engine
starting, 1t may be charged via the hydraulic system, as
described above with reference to FIGS. 9 and 10.
In this manner, shut down of an engine may be controlled
based on an estimated length of time the vehicle will be shut
down. Control of engine shut down may further be based on
a charge level of the secondary storage device (e.g., electrical
energy storage device 108).
This written description uses examples to disclose the
invention, including the best mode, and also to enable a per-
son of ordinary skill 1n the relevant art to practice the inven-
tion, including making and using any devices or systems and
performing any incorporated methods. The patentable scope
of the mvention 1s defined by the claims, and may include
other examples that occur to those of ordinary skill in the art.
Such other examples are intended to be within the scope of the
claims 11 they have structural elements that do not differ from
the literal language of the claims, or 1f they include equivalent
structural elements with 1nsubstantial differences from the
literal languages of the claims.
The mvention claimed 1s:
1. A method of operating an engine, the engine coupled to
a traction alternator for vehicle travelling and an auxihary
alternator, comprising:
in an off-highway vehicle running mode of operation,
charging a battery at a first voltage from the auxiliary
alternator while supplying current from the traction
alternator to a traction motor to propel the vehicle; and

in a starting mode of operation, generating a second, higher
voltage, from stored energy, to drive the traction alter-
nator to at least assist in starting the engine.

2. The method of claim 1, wherein the stored energy 1s
stored electrical energy at the first voltage stored in the bat-
tery, and the second, higher voltage 1s generated through a
DC-to-DC converter.

3. The method of claim 1, wherein the stored energy 1s
stored electrical energy at the second voltage stored 1n a
secondary electrical energy storage device.

4. The method of claim 1, wherein 1n the running mode of
operation, current 1s supplied by a traction mverter to the
traction motor to propel the vehicle, and during the starting
mode of operation, current 1s supplied at the second voltage to
the traction mverter to drive the traction alternator.

5. A method of operating an engine, the engine coupled to
a traction alternator for vehicle travelling, comprising: 1n an
off-highway vehicle running mode of operation, supplying
current from the traction alternator to a traction motor to
propel the vehicle; and 1n a starting mode of operation, sup-
plying stored energy from a first energy source and a second-
ary energy source to the traction alternator to start the engine,
wherein the {irst energy source is a battery that outputs a lower
voltage than the secondary energy source, and further com-
prising, during the running mode of operation, charging the
battery via an auxihiary alternator mechanically coupled to
the engine.

6. The method of claim 5, wherein the traction alternator 1s
a three-phase alternator.

7. The method of claim 6, further comprising, during the
starting mode of operation, adjusting torque supplied to the
engine by continuous adjustment of a field shunting of the
traction alternator.
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8. The method of claim 6, further comprising, during the
starting mode of operation, adjusting torque supplied to the
engine by adjusting DC voltage supplied to an inverter
coupled to the traction alternator.

9. The method of claim 5, wherein output supplied by the
first energy source 1s boosted via a DC-to-DC converter.

10. The method of claim 5, wherein current 1s supplied to
the traction alternator from the secondary energy source via a
traction inverter, and wherein current supplied to the traction

motor from the traction alternator 1s supplied via the traction
inverter.

11. The method of claim 5, wherein current 1s supplied to

the traction alternator from the secondary energy source via
an active rectifier.

12. The method of claim 5, wherein current 1s supplied to
the traction alternator from the secondary energy source via
an 1verter that 1s separate from a traction inverter which
supplies current from the traction alternator to the traction
motor.

13. The method of claim 5, wherein the engine 1s further
coupled to a hydraulic system including a hydraulic pump,
hydraulic accumulator, and a hydraulic actuator.

14. The method of claim 13, further comprising, 1n a work-
ing mode of operation, supplying power from the engine to
the hydraulic system for lifting a working arm mechanically
coupled to the vehicle.

15. The method of claim 13, further comprising, 1n the
starting mode of operation, decoupling the hydraulic system
from the engine via a clutch, and charging the first energy
source by electrically coupling the hydraulic system to the
first energy source via an auxiliary alternator.

16. A method of operating an engine in an oif-highway
vehicle, the engine coupled to a traction alternator and an
auxiliary alternator, comprising:

in a running mode of operation, supplying a traction motor

with current from the traction alternator via a traction
iverter, charging a first energy source via the auxiliary
alternator, and charging a secondary energy source via
the traction alternator; and

in a starting mode of operation, directing output from the

first energy source through a DC-to-DC converter and to
the secondary energy source before directing output of
the secondary energy source to the traction alternator to
assist 1n cranking the engine, the secondary energy
source outputting a higher voltage than the secondary
energy source.

17. The method of claim 16, wherein the first energy source
1s a battery, and the battery 1s coupled to the secondary energy
source via a switching circuit.

18. The method of claim 17, further comprising, during the
starting mode of operation, adjusting the switching circuit to
disconnect the battery from the secondary energy source
when a level of charge of the secondary energy source 1s
greater than a threshold level.

19. The method of claim 16, wherein the traction alternator
1s electrically coupled to the traction inverter via an active
rectifier.

20. The method of claim 16, further comprising, during the
starting mode of operation, supplying current to the first
energy source via a hydraulic system electrically coupled to
the auxiliary alternator, the hydraulic system including a
hydraulic pump, a hydraulic accumulator, and a hydraulic
actuator.

21. The method of claim 16, further comprising, during an
engine shut down, discharging the secondary energy source 1f
an estimated time of engine shut down 1s greater than a
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threshold, and not discharging the secondary energy source i
the estimated time of engine shut down 1s less than the thresh-
old.

22. A system for an off-highway vehicle, comprising:

an engine; 5

an auxiliary alternator mechanically coupled to the engine;

a traction alternator mechanically coupled to the engine;

a battery electrically coupled to the engine;

a secondary energy storage system electrically coupled to
the engine, the secondary energy storage system output- 10
ting a higher voltage than the battery;

a hydraulic system which includes a hydraulic accumula-
tor; and

a controller for operating the auxiliary alternator to charge
the battery during a running mode of operation; the 15
controller operating the traction alternator to charge the
secondary energy storage system during the running
mode of operation; the controller operating the hydrau-
lic accumulator to charge the battery during a working
mode of operation; and the controller operating the bat- 20
tery and the secondary energy storage system to supply
current to the traction alternator to start the engine dur-
ing a starting mode of operation.

23. The system of claim 22, wherein the traction alternator

1s a three-phase alternator, and wherein the controller adjusts 25
torque supplied to the engine by continuous adjustment of a
field shunting of the traction alternator during the starting
mode of operation.

24. The system of claim 22, wherein an output of the

battery 1s boosted by a DC-to-DC converter, and wherein the 30
controller estimates a state of health of the battery.
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